A polyphasic approach was used to clarify the taxonomy of the water-bloomforming oscillatorioid cyanobacteria. Seventy-five strains of oscillatorioid cyanobacteria were characterized by 16S rDNA sequence analysis, DNA base composition, DNA-DNA hybridization, fatty acid composition, phycobilin pigment composition, complementary chromatic adaptation, morphological characters, growth temperature and salinity tolerance. Phylogenetic analysis based on 16S rDNA sequences divided the strains into six groups, all of which were clearly separated from the type species of the genus Oscillatoria, Oscillatoria princeps Gomont NIVA CYA 150. Therefore, these strains should be classified into genera other than Oscillatoria. Groups I-III were closely related to one another and groups IV-VI were distinct from one another and from groups I to III. Group I was further divided into two subgroups, group I-pc, which includes strains containing only phycocyanin (PC), and group I-pe, which includes strains containing large amounts of phycoerythrin (PE) in addition to PC. This phenotypic distinction was supported by DNA-DNA hybridization studies. Based on the properties examined herein and data from traditional, botanical taxonomic studies, the groups and subgroups were classified into single species and we propose either 
INTRODUCTION
Historically, the taxonomy of the Cyanophyceae (cyanobacteria) has been formulated under the International Code of Botanical Nomenclature and based primarily on phenotypic characters (Bourrelly, 1985 ; Desikachary, 1959 ; Geitler, 1932) . However, more recently, the stability of these phenotypic characters and their use in taxonomy have been Abbreviations : PC, phycocyanin ; PE, phycoerythrin.
The GenBank/EMBL/DDBJ accession numbers for the 16S rDNA sequences obtained in this study are listed in Table 1. questioned by a number of authors (reviewed by Anagnostidis & Koma! rek, 1988) . The cell organization of the Cyanophyceae is obviously prokaryotic ; therefore, bacteriological taxonomic approaches have been suggested for the Cyanophyceae (see Stanier et al., 1978) . In fact, the cyanobacteria are treated as one branch of the oxygenic photosynthetic bacteria in Bergey's Manual of Systematic Bacteriology (Castenholz & Waterbury, 1989) , which is restricted to the genus and order levels and includes guidelines useful for describing novel species and redescribing species poorly characterized under the Botanical Code. These guidelines include the use of morphological, biochemical, genetic, physiological and ecological characteristics. Taxonomy of water-bloom-forming oscillatorioids Although cyanobacterial taxonomy should be studied using bacteriological approaches, species-name priority rests with the Botanical Code (Castenholz & Waterbury, 1989) . Therefore, it is necessary to develop a bacteriological classification system from the existing botanical assemblage of names so that compatibility and continuity with the traditional botanical classification system are preserved. For this reason, the characteristics of axenic clones of each cyanobacterial morphospecies (botanical species) should be investigated according to the guidelines (Castenholz & Waterbury, 1989) for bacteriological approaches.
In this paper, the taxonomy of water-bloom-forming species of freshwater oscillatorioid cyanobacteria is reexamined by employing the multidisciplinary criteria recommended by Castenholz & Waterbury (1989) . Oscillatoria agardhii and related planktonic species such as Oscillatoria rubescens, Oscillatoria mougeotii, Oscillatoria raciborskii and Oscillatoria redekei commonly form water-blooms and, in some cases, produce toxins or excrete geosmin-like substances that reduce water quality and prevent the use of water-bodies for drinking and recreation (Skulberg & Skulberg, 1985 ; Persson, 1996) . These water-bloom-forming species share common morphological characters, such as the presence of gas vacuoles and similar cell dimensions. The taxonomic delimitation of each taxon is difficult to S. Suda and others achieve. In addition, the heterogeneous characters of O. agardhii have caused confusion in its intra-specific taxonomy (Elenkin, 1949 ; Skuja, 1948 ; Pringsheim, 1965) . The above factors have stimulated interest in both the identification and classification of O. agardhii and related species. Although taxonomic confusion still exists at the species level (Ku$ tzing, 1849 ; Lemmermann, 1907 Lemmermann, or 1910 Geitler, 1932 ; Elenkin, 1949) , O. agardhii, O. rubescens, O. mougeotii and O. raciborskii were included in a new genus, Planktothrix, with the type species Planktothrix agardhii by Anagnostidis & Koma! rek (1988) . O. redekei, which is distinguished from the other oscillatorioids mentioned above by having very narrow cells and two large, polar gas vacuoles, was considered to belong to a different genus (Limnothrix) by Meffert (1988) .
In this study, 75 strains that were, or may be, assigned to the above five taxa of water-bloom-forming oscillatorioid cyanobacteria were obtained from culture collections or were freshly isolated. The phylogeny of these 75 strains was analysed from their 16S rDNA sequences. In addition, DNA base composition, fatty acid profiles, phycobilin pigment content, morphology and growth at different temperatures and salinities were investigated. Furthermore, DNA-DNA hybridization experiments were performed to define the taxonomic relationship between closely related groups. This paper presents suggested taxonomic revisions of the water-bloom-forming oscillatorioid cyanobacteria based on data derived from this polyphasic taxonomic study. (Watanabe & Hiroki, 1997) , CCAP (Culture Collection of Algae and Protozoa, UK) (Tompkins et al., 1995) and NIVA (Norwegian Institute of Water Research) (Skulberg, 1990) or isolated from lakes and reservoirs in Japan, PR China and Thailand ( Table 1 ). Strains that were not axenic and\or clonal were purified and cloned by the micropipettewashing method (Hoshaw & Rosowski, 1973) . The purity of the strains was checked with bacterial check media (Watanabe & Hiroki, 1997) and light microscopy. Stock cultures were maintained in screw-capped test tubes (18i150 mm) with 10 ml CT medium (Watanabe & Hiroki, 1997) and incubated at 20p1 mC, under a 12 h : 12 h light\ dark cycle at 30 µmol photons m − # s − " provided by day-light fluorescent lamps (National Co. Ltd, Japan).
METHODS
16S rDNA sequence analyses. Each strain was grown in a 2 l Erlenmeyer flask containing 1n5 l medium with aeration (1n5 l min − "). After 4 weeks of cultivation, cells were harvested by centrifugation (10 min, 5 mC, 5000 g) and washed with distilled water. DNA for PCR templates was extracted from the cells according to Palinska et al. (1996) . Primers for amplification and sequencing were designed based on cyanobacterial 16S rDNA sequences (Table 2 ) and 16S rDNA sequences were amplified from the extracted DNA. PCR was performed in a 50-100 µl reaction mixture using 0n05 U AmpliTaq DNA polymerase µl − " (Perkin Elmer), buffer with 1n5 mM MgCl # supplied by Perkin Elmer, 0n2 mM dNTPs, 0n5 µM primers and 0n01-0n05 µl genomic DNA solution (100-500 ng µl − "). The reactions were run in a Thermal Cycler (Takara Biomedicals) with one cycle of 92 mC for 2 min, 56 mC for 2 min and 70 mC for 3 min and then 29 cycles of 92 mC for 1n5 min, 56 mC for 2 min and 70 mC for 3 min, followed by 72 mC for 15 min. The amplification products were purified by using MicroSpin S-400 HR columns (Pharmacia LKB) and sequencing reactions were performed using a Thermo Sequenase fluorescent-labelled primer cycle sequencing kit with 7-deaza-dGTP (Amersham). The reaction products were run on a 4 % Long Ranger gel (FMC Bio Products) using an ALF DNA sequencer (Pharmacia LKB) with autofluorescence primers, the sequences of which were the same as those of the primers used for PCR (Table 2 ). Both strands were sequenced.
Phylogenetic analysis. The 16S rDNA sequences from 77 strains, including L. hieronymusii var. hieronymusii and O. princeps, were aligned and analysed by comparison with the aligned dataset from the rRNA WWW Server at the University of Antwerp ( Van de Peer et al., 1997) . Sequences determined in this study, or not recorded in this database, were added individually to the aligned dataset through a profile alignment process using   version 1.71 (Thompson et al., 1994) . Finally, the alignment was refined manually. The dataset contained 1361 positions with hypervariable regions, ambiguous sequences and gaps. This set was used subsequently for phylogenetic analysis among closely related strains. Synechocystis sp. PCC 6803 and Gloeobacter violaceus PCC 7421 were used as outgroups for the phylogenetic analysis. Hypervariable regions, ambiguous sequences and gaps were then removed as suggested by Turner (1997) to obtain a set containing 1182 positions that was used for phylogenetic analysis of 39 cyanobacteria strains, Rhodospirillum rubrum ATCC 11170 T and Agrobacterium tumefaciens K-Hg-3. Phylogenetic trees were generated on the basis of the neighbour-joining method (Saitou & Nei, 1987) . Neighbour-joining analysis was performed using * 4.0 β version, running on a Macintosh computer (Swofford, 1999) , with each topology checked using 1000 bootstrap replications (Kimura's twoparameter correction). Accession numbers are given in C1-12, C1-17, NIVA CYA 21, 64, 68, 105, 116 and 126 and NIES 205, 594 and 595 ; [CCAP 1459/36] , 13, 35, 55, 61, 65, 73, 85, 87, 88, 90, 91, 97, 98, 108, 117, 128, 129, 133, 168, 297 and 320 and NIES 610 T ; [NIVA CYA 229] EMBL\GenBank\DDBJ are listed on the phylogenetic trees (Figs 1 and 2) . DNA base composition. Approximately 10 mg lyophilized cells or 0n5 ml cell pellet from fresh cultures was used for the analysis. Isolation and enzymic hydrolysis of DNA were performed according to Tamaoka & Komagata (1984) and analyses were performed using reverse-phase HPLC (Shimadzu) equipped with an SPD-10A UV\VIS spectrophotometric detector and a Cosmosil 5C18 column (4n6 mm i.d.i150 mm ; Nakarai). Nucleosides were eluted with a mixture of 0n4 M NH % H # PO % and acetonitrile (40 : 1, v\v) at a flow rate of 1 ml min − " at 40 mC controlled by a column oven (Shimadzu CTO-6A). Each nucleoside was detected by absorbance at 270 nm. Each sample was analysed at least three times from the DNA isolation procedure. Fatty acid composition. Samples (5-10 mg lyophilized cells) were transmethylated with 2 ml 5 % methanol\HCl (TCI-SU TH , Japan) at 100 mC for 3 h. After cooling to room temperature, the methylated acids were extracted with 1n5 ml n-hexane and washed with 0n5 ml distilled water. The hexane layer was transferred to a new glass tube and concentrated to a volume of approximately 100 µl by vacuum evaporation. A 1 µl aliquot of the concentrated sample was injected into a Shimadzu GC-17A gas chromatograph equipped with a hydrogen flame-ionization detector and a capillary column (25 mi0n25 mmi0n25 µm) coated with methyl silicon as the polar stationary phase (007-FFAP ; Tokyo Kasei). The flow of carrier gas (helium) was 40 ml min − " and the column temperature was programmed to increase from 130 to 220 mC at 5 mC min − ". Methyl esters were identified by co-chromatography of authentic standards (Sigma) and by mass spectroscopy. The relative concentrations of fatty acids were calculated by comparing the areas under the chromatographic peaks with a data processor (C-R6A ; Shimadzu).
In vivo and phycobiliprotein absorption spectra.
Exponential-phase cells were used for determination of in vivo and phycobiliprotein absorption spectra. An aliquot of culture was transferred to a spectrophotometric cuvette (4 ml) and the in vivo absorption spectrum was measured from 350 to 850 nm by using a Hitachi type U-3000 spectrophotometer equipped with a 60 mm-diameter integrating sphere device. For phycobiliprotein absorption spectra, an aliquot of 5-15 ml culture was centrifuged at 500 g for 15 min at room temperature. The pellet was suspended in potassium phosphate buffer (pH 6n5) and the cells were broken in a bead beater (5000 r.p.m., two periods of 30 s) at about 5 mC. The broken cell suspension was centrifuged (500 g, 15 min) to remove unbroken cells. The crude supernatant was centrifuged (80 000 g, 1 h) in an ultracentrifuge (Beckman L7-55) and the absorbance of the supernatant was measured from 350 to 750 nm as described above. Complementary chromatic adaptation. Each strain was cultured separately under continuous light with pure green (20-S-G-F, National Co. Ltd) or pure red (20-S-R-F, National Co. Ltd) fluorescent lamps (20 µE m − # s − ") at 20p1 mC. Phycobiliprotein absorption spectra were then determined spectrophotometrically for each strain as described above. Morphology. Morphological observations were made using an Olympus Vanox photomicroscope equipped with phasecontrast and Nomarski optics systems. The mean cell size and standard deviation of 50 cells were measured for each strain. Temperature and salinity experiments. Experimental cultures inoculated with one or two filaments from the stock culture were grown at five different temperatures, 10, 20, 30, 40 and 50 mC (p1 mC), and at eight different salinities, approximately 0n08 (original CT medium), 0n17, 0n26, 0n43, 0n78, 1n28, 1n83 and 3n58 % NaCl (w\v). Growth was checked visually after 14 and 28 days. Each experiment was done in triplicate. DNA-DNA hybridization. DNA extraction and purification were done according to Tamaoka & Komagata (1984) . Microplate hybridization procedures were performed according to Ezaki et al. (1989) with extracted DNA further purified by ultracentrifugation (Hamamoto & Nakase, 1995) S. Suda and others 
RESULTS

Phylogenetic analysis of the conserved regions of 16S rDNA
All the oscillatorioid strains sequenced in this study were found to have identical 16S rDNA lengths, 1361 bp, corresponding to positions 101-1469 of the Escherichia coli numbering system. Although some of the 75 strains of water-bloom-forming oscillatorioids had identical sequences, six distinct groups were recognized ( Fig. 1 ). Group I consisted of 58 strains sharing more than 99n2 % similarity of 16S rDNA, group II contained five strains sharing more than 98n4 % similarity, group III contained four strains sharing more than 99n8 % similarity and group IV contained six strains sharing more than 99n1 % simi- 
* Double-bond position not determined. † Fatty acid composition types of cyanobacteria according to Kenyon (1972) , Kenyon et al. (1972) , Murata et al. (1992) and Li et al. (1998) .
‡ Meanspstandard deviation of triplicate measurements.
larity. Groups I-III had less than 96n8 % similarity to one another and group IV had less than 89n7% similarity to groups I-III. Groups V and VI contained single strains, CCAP 1459\11B T (V) and NIVA CYA 277\1 T (VI). These strains respectively had less than 91n9 and 86n4 % similarity to the other groups.
A phylogenetic tree based on 1361-bp 16S rDNA sequences revealed that the six groups were divided into four large clusters (Fig. 1 ). The first cluster contained groups I-III, the second contained group IV, the third contained group V and the fourth contained group VI. Groups I, II and III formed independent subclusters, each with high bootstrap values. This result suggests that each group is an independent taxon.
Six strains, NIES 204 T , T1-8-4 T , TR1-5 T , NIES 207 T , CCAP 1459\11B T and NIVA CYA 277\1 T , were selected as representatives of each group. A phylogenetic tree based on the 1182-bp 16S rDNA sequences is shown in Fig. 2 . In the phylogenetic tree, the type species of Oscillatoria, O. princeps, appeared as a sister group of the Nostocales\Stigonematales clade (Fig. 2 ). This topology was not stable but different operational taxonomic units and algorithms used for phylogenetic analyses revealed that O. princeps NIVA CYA 150, NIES 204 T (group I), T1-8-4 T (group II), TR1-5 T (group III), NIES 207 T (group IV), CCAP 1459\11B T (group V) and NIVA CYA 277\1 T (group VI) were separated from each other and formed independent clusters (data not shown). Other strains assigned to the genus Oscillatoria on the phylogenetic tree ( Fig. 2 
DNA base composition
The DNA base compositions of the 75 strains were summarized for each group recognized by 16S rDNA sequences (Table 3) . Group I (58 strains) had a mean GjC content of 39n5p0n4 mol %. The highest value obtained was 40n8p0n4 mol % (NIVA CYA 30) and the lowest was 38n6p0n4 mol % (NIVA CYA 108). Group II, including five strains, showed a mean of 39n5p0n2 mol %. The highest value was 40n6p0n1 mol % (T1-8-4 T ) and the lowest was 38n3p0n2 mol % (CW4-5). Group III, including four strains, showed a mean of 40n0p0n2 mol %, with a maximum of 41n4p0n2 mol % (TK5-1) and a minimum of 39n5p0n2 mol % (TR2-4, TK4-1). Group IV includes six strains and the mean was 44n0p0n4 mol%. Group V, including the single strain CCAP 1459\11B T , showed a value of 44n4p0n6 mol %. Group VI, including the single strain NIVA CYA 277\1 T , showed a value of 40n9p0n3 mol%.
Fatty acid composition
Of the 75 strains of water-bloom-forming oscillatorioid cyanobacteria studied, fatty acid profiles were obtained for 73 strains (Table 3 ). All strains contained 14 : 0, 16 : 0, 16 : 1c, 18 : 0, 18 : 1, 18 : 2 and 18 : 3α as major fatty acids. Strains of groups I, II, III, V and VI were characterized by having 18 : 0, 18 : 1, 18 : 2 and 18 : 3α but no 18 : 3γ or 18 : 4, and strains of group IV were characterized by having all of these fatty acids. On the basis of previous work (Kenyon, 1972 ; Kenyon et al., 1972 ; Murata et al., 1992) . Group V was defined as type 2A and strains of groups I and II were type 2B (Table 3) . Groups III and VI were assigned to type 2 and had no 16 : 2 (Table 3) ; they were defined as representing a new subtype, type 2C. In addition to definitions of these subtypes, the fatty acid composition of group VI was characterized further as containing a 16 : 1 fatty acid with the double bond in a different position from 16 : 1c and large amounts of 14 : 0, thereby being defined as type 2Ch.
Phycobilin pigment composition and chromatic adaptation
The 58 strains of group I contained two types of phycobilin pigment composition. One type had a large valley in the in vivo absorption spectrum around 550 nm (Fig. 3a) and a large absorption peak around 630 nm of the phycobiliprotein absorption spectrum (Fig. 3b) , which indicated that they contain phycocyanin (PC) but no phycoerythrin (PE). Forty strains of group I showed this type of phycobilin pigment composition and were designated as group I-pc. The same patterns were indicated in strains of groups II and IV. The other strains in group I had no valley in the absorption spectrum around 550 nm ( Fig. 3a) and possessed large and small absorption peaks, respectively, around 570 and 630 nm (Fig. 3b) . Thus, they contained both PE and PC and had a high PE : PC ratio. In total, 18 strains of group I showed this type of phycobilin pigment composition and were designated as group I-pe. The same patterns were indicated in groups V and VI. Strains of group III had a small valley in their in vivo absorption spectrum around 550 nm (Fig. 3a) and small and relatively large peaks, respectively, around 570 and 630 nm of the phycobiliprotein absorption spectrum (Fig. 3b) . This indicated that they contained both PE and PC and had a low PE : PC ratio. When the strains of groups I-pc, I-pe, II, III and IV were grown under red or green light, their trichome colour did not change and the in vivo and phycobiliprotein absorption spectra showed the same patterns as those obtained when cultures were incubated under standard light conditions. When the group V strain CCAP 1459\11B T was grown under green light, trichomes were reddish purple or reddish brown in colour and the absorption peak around 570 nm became much larger (Fig. 4a) . In contrast, when it was grown under red light, the trichome colour was pale blue-green and the absorption peak around 570 nm was conspicuously smaller (Fig. 4a) . These data suggest that the strain has the ability to undergo complementary chromatic adaptation by altering the PE content. When the group IV strain NIVA CYA 277\1 T was grown under red light, the trichome mass colour was pale blue-green with no peak of in vivo absorption around 570 nm but a large peak around 630 nm (Fig. 4b) . In contrast, when it was grown under green light, the trichome mass colour was reddish purple or reddish brown with large and small peaks, respectively, around 570 and 630 nm of the in vivo absorption spectrum (Fig. 4b) . These data suggest that the strain has the ability to undergo complementary chromatic adaptation by altering both PC and PE contents. T only] and green light.
Growth at different temperatures and salinities
On the basis of molecular and chemotaxonomic characteristics, the strains used in this study were separated into seven different groups and subgroups, groups I-pc, I-pe, II, III, IV, V and VI. The temperature ranges of growth of groups I-IV are shown in . Group I-pc grew mainly in the range 10-20 mC (some strains also grew at 30 mC), most strains of group I-pe grew at 10-20 mC, group II grew at 20-30 mC (some also grew at 40 mC), group III grew at 20-30 mC (some also grew at 10 and\or 40 mC), group IV grew at 20-30 mC (half of this group also grew at 40 mC) and groups V and VI grew at 20-30 mC. From these data, the strains could be separated into two groups, those that grew at 10-20 mC (groups I-pc, I-pe, V and VI) and those that grew at 20-30 mC (groups II, III and IV).
Salinity tolerances of groups I-IV are also shown in Fig. 5 . Many strains of groups I-pc and II grew in medium with up to 0n78 % NaCl (some also grew at up to 1n28 %), many strains of groups I-pe and IV grew at up to 0n78 % (none up to 1n28 %) and all strains of group III grew at up to 1n28 % (half of them also grew at up to 1n83 %). Groups V (CCAP 1459\11B T ) and VI (NIVA CYA 277\1 T ) respectively grew in media with up to 0n43 and 0n26 % NaCl (data not shown). From the data obtained, the cyanobacterial strains could be separated into three groups on the basis of their Fig. 7 ). The arrow in (c) indicates a calyptra. Bars, 10 µm. salinity tolerance ; wide (group III), medium (groups Ipc, I-pe, II and IV) and narrow (groups V and VI).
Morphological observations of each group and subgroup
With the exception of cell width, most morphological characters were common to strains of group I-pc and II (Fig. 6a, b, d ), as outlined below in the descriptions of Planktothrix agardhii (group I-pc strains) and Planktothrix pseudagardhii sp. nov. (group II strains). Cells of group I-pc strains were 2n3-9n8 µm wide and 1n2-5n3 µm long and the ratio of cell length to cell width was 1 : 3-1 : 1. The minimum cell width observed was 3n0p0n7 µm (NIES 205) and the maximum was 8n7p1n3 µm (CCAP 1459\21 ; Fig. 6b ). In contrast, the mean and standard deviation for cell length ranged from 2n2p0n5 µm (NIVA CYA 91) to 3n5p1n3 µm (CCAP 1459\16). Since the standard deviation ranges of strains overlapped continuously (Fig. 7) , clear divisions cannot be made among the group I-pc strains on the basis of cell size. Cells of group II strains were 3n0-6n4 µm wide and 1n2-4n2 µm long and the ratio of cell length to cell width was about 1 : 3-1 : 1. The range of cell dimensions of group I-pc strains included that of group II strains. Hence, groups I-pc and II could not be distinguished\separated by macroscopic and lightmicroscopic, morphological characters. With the exception of trichome colour, the morphological characters of group I-pe were similar to those of strains of groups I-pc and II (Fig. 6c) . Cells of all group I-pe strains were 3n9-9n4 µm wide and 1n1-5n2 µm long and the ratio of cell length to cell width was about 1 : 3-1 : 1 (Fig. 7) . The minimum cell width observed was 4n2p0n2 µm (NIVA CYA 151) and the maximum was 8n6p0n5 µm (NIVA CYA 13). In contrast, the mean and standard deviation of cell length ranged from 2n1p0n5 µm (NIES 610 T ) to 3n3p0n6 µm (NIVA CYA (Fig. 7) , indicating that clear divisions cannot be made among the group I-pe strains on the basis of morphology.
The morphological characters of the four strains of group III (TR1-5 T , TR2-4, TK4-5 and TK5-1) (Fig.  6e) are outlined below in the description of Planktothrix mougeotii. Cells of group III strains were 5n9-7n8 µm wide and 1n5-3n6 µm long and the ratio of cell length to cell width was about 1 : 3-2 : 3. The minimum cell width observed was 6n5p0n2 µm (TK5-1) and the maximum was 7n5p0n2 µm (TR1-5 T ). The mean and standard deviation of the smallest and largest cell lengths were respectively 2n3p0n4 µm (TK5-1) and 2n6p0n6 µm (TR1-5 T ) ( Table 3 ). As the standard-deviation ranges overlapped (Fig. 7) , clear divisions cannot be made among these strains on the basis of cell size.
The morphological characters of the six strains of group IV (Fig. 6f ) are given below in the description of Planktothricoides raciborskii gen. nov., comb. nov. Cells of the group IV strains were 5n4-12n2 µm wide and 1n7-6n7 µm long and the ratio of cell length to cell width was about 2 : 7-1 : 1. On occasion, wide sections were observed in a single trichome, in both lab cultures and field samples. The minimum cell width was 7n4p1n2 µm (NIES 207 T ) and the maximum was 9n6p1n0 µm (T1-6-2). The mean and standard deviation of cell length ranged from 3n3p0n6 µm (OR1-1) to 4n9p0n9 µm (NSLAØ3). The standard deviation ranges of each strain overlapped (Fig. 7) , indicating that clear division cannot be made among these strains on the basis of cell size.
The morphological properties of the group V strain, CCAP 1459\11B T (Fig. 6g) , and the group VI strain, NIVA CYA 277\1 T (Fig. 6h) , are listed below in the descriptions of Tychonema bourrellyi (group V) and Limnothrix redekei (group VI).
DNA-DNA relatedness between groups I-pc and I-pe
With the exception of strains belonging to groups I-pc and I-pe, the groups were well characterized genotypically and phenotypically. In contrast, groups I-pc and I-pe had the same 16S rDNA sequences and DNA base composition (Fig. 1 
DISCUSSION
Compatibility with the traditional, botanical taxonomy
The 75 strains of water-bloom-forming species of freshwater, oscillatorioid cyanobacteria in this study were separated into the six phylogenetic groups, I-VI, based on 16S rDNA sequences. Group I was further divided into two groups based on PC\PE composition, which was supported by total genome DNA-DNA hybridization. Strains of groups I-pc and I-pe shared RBRs of more than 70 % within each group but less than 55 % between groups. Since it has been widely accepted that the same species should share more than 70 % DNA-DNA binding (Wayne et al., 1987) , the results indicate clearly that these two groups correspond to different taxa. The seven recognized groups were also characterized by genetic and phenotypic properties such as DNA base composition, fatty acid composition, phycobilin pigment composition, chromatic adaptation, growth at different temperatures and salinities and morphology.
Groups I-pc and II corresponded to O. agardhii and its intraspecific taxa (Table 4) . Elenkin (1949) described five intraspecific taxa in O. agardhii (Table 4) . These intraspecific taxa seem to be morphological variations within O. agardhii, because the 41 strains showed the following common features ; (i) trichomes with no or small constrictions at the cross-walls were found in the same strain, (ii) a gelatinous sheath was occasionally observed under unfavourable conditions and (iii) calyptra and attenuation towards the ends of trichomes were variable characters on different trichomes within a single clone. These results agree with the suggestions of Koma! rek (1958) . Furthermore, Skuja (1948) described O. agardhii var. isothrix, which is characterized by cell widths of 6-9n5 µm and no attenuation towards the ends of trichomes (Table 4) . Later, however, he revised his original description of this intraspecific taxon and concluded that the difference between O. agardhii and O. agardhii var. isothrix was only cell width, which was respectively 4-6 µm and 6-9n5 µm (Skuja, 1956 ). These differences seem to be clear, but our actual results indicated that it is difficult to define precise morphological criteria to delineate these taxa. The same is true for O. agardhii var. suspensa, which was characterized by a cell width of 3n8-4 µm (Pringsheim, 1965 Taxonomy of water-bloom-forming oscillatorioids Cell width (µm) 4-6 4-6 4-6 3-4 4-6 4-6 6-9n5 3n8-4 2n2-5n5 6-8 8-9 5n5-7n5 8-9 1n3-2n3 Length : width 1 : 2 1 : 2 1 : 2 1 : 2 1 : 2 1 : 2 1 : 3-3 : 4 1 : 2-1 : 1 1 : 1 1 : 3-1 : 2 1 : 2-1 : 1 1 : 2 1 : 2 3 : 1-8 : rubescens, except for trichome colour, differences between these species were restricted to cell width, which is respectively 4-6 µm and 6-8 µm.
Because of the apparent instability of trichome colour, there has been a tendency to use cell width rather than trichome colour as the key diagnostic character for classification (e.g. Elenkin, 1949) . Cell-size measurements in the present study indicated that cell width does not distinguish these species. However, for group I-pe strains and group I-pc and II strains, trichome colours were stable and corresponded to qualitative and quantitative differences in phycobilin pigments. The other gas-vacuolated, reddish-brown-coloured Oscillatoria species is Oscillatoria prolifica (Greville) Gomont (Table 4) . Cells of this species are 2n2-5 µm wide and 4-6 µm long and cells are as long or longer than they are wide. The apical cells are capitate and have calyptra. These characters do not concur with the narrow width of the group I-pe strains. Lemmermann (1907) differed from that of O. mougeotii Bory as follows. The cell mass is dark or dull blue-green, cells are 5n5-7n5 wide and 2-3 µm long and the trichome breaks easily. Trichomes are straight or slightly curved and not constricted at the cross-walls. The apical cells are broadly rounded and have no calyptra. In the early stages of cell growth, trichomes attach to substrates and then float freely. These characteristics agreed well with those of the strains in this study. In contrast, the description of O. mougeotii by Forti (1907) is the same as that of Ku$ tzing (1849) except that the cell width is 7n5 µm, and he also reported that O. mougeotii was similar to O. rubescens. The largest difference between Lemmermann's description of O. mougeotii and Forti's is the trichome colour ; the former gives dark blue-green and the latter gives reddish purple. Lemmermann's paper was combined with other papers and republished in 1910. This republished paper was widely distributed and has been cited as ' Lemmermann (1910) ' [here, we refer to this paper as Lemmermann (1907 Lemmermann ( or 1910 ]. As a result, Lemmermann's description has understandably been misunderstood to have been published later than Forti's. This situation has probably given rise to confusion among later researchers. Geitler (1932) and Elenkin (1949) described O. mougeotii Ku$ tzing and O.
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mougeotii Ku$ tzing ex Forti, respectively, but their descriptions were similar to those of Lemmermann (1907 Lemmermann ( or 1910 . Furthermore, Elenkin (1949) added that the trichome colour was reddish purple in some cases, in accordance with Forti's description. More recently, Anagnostidis et al. (1985) Since it was observed repeatedly in our study that strains of O. rubescens have characteristics close to those of the reddish-purple-coloured O. mougeotii described by Ku$ tzing (1849) and Forti (1907) , it is thought that granulated trichomes of O. rubescens were described as O. mougeotii. This view is supported by the fact that reddish-purple-coloured O. mougeotii that is clearly different from O. rubescens has never been isolated or reported. In contrast, there are cultures that are identified as dark blue-green-coloured O. mougeotii, as described by Lemmermann (1907) . O. mougeotii Ku$ tzing ex Forti would be better treated as a synonym of O. rubescens. The morphological characters of the group IV strains corresponded to the original description of O. raciborskii, isolated from ponds on the island of Java, Indonesia (Woloszynska, 1912) . Although O. raciborskii was reported to have very long trichomes in the original description, this should not be regarded as a taxonomic characteristic, because the length of trichomes changes easily under different conditions and at different growth stages. In fact, the trichomes tended to be shorter in old cultures (data not shown). The group V strain, CCAP 1459\11B T , had previously been identified as O. agardhii in the CCAP (Table 1) . However, morphologically, the strain corresponds to the original description of Oscillatoria bourrellyi Lund (1955) , which has been revised as Tychonema bourrellyi (Skulberg & Skulberg, 1991) . Although O. bourrellyi was reported to have calyptra in the original description, the strain in this study had no calyptra. However, this diagnostic feature may be variable, as the presence or absence of calyptra is due to the developmental stage of individual filaments in Lyngbya hieronymusii var. hieronymusii and the character is variable under different environmental conditions . Based on the above considerations, the group V strain was identified as O. bourrellyi. The group VI strain, NIVA CYA 277\1 T , which is listed as O. redekei in the NIVA collection (Skulberg, 1990) , has features quite different from the other water-bloom-forming Oscillatoria. They are characterized by having no attenuation towards the ends of trichomes, narrow, long cells, rounded apical cells and two large, polar gas vesicles. The only difference between the original description of O. redekei and the present strain is colour. However, Meffert (1987) reported that O. redekei showed complementary chromatic adaptation, which was also demonstrated in the present study.
Revision of the taxonomy of water-bloom-forming oscillatorioids
From the above discussion, it is proposed that groups I-pc and II correspond to O. agardhii, group I-pe to O. rubescens, group III to O. mougeotii, group IV to O. raciborskii, group V to O. bourrellyi and group VI to O. redekei. In this section, we outline the taxonomic relationships between the seven groups based on results obtained in this study and give new or emended descriptions of each taxon recognized. In order to ascertain the taxonomic position of the seven groups recognized by the present study, it was necessary to define the phylogenetic position of the type species of the genus Oscillatoria (O. princeps Gomont). However, to date, the 16S rDNA sequence of this species has not been published. The morphology of O. princeps NIVA CYA 150 corresponded well with original description of Gomont (1892), except for trichome colour. This strain was dark brown-green, rather than blue-green as in the original description of O. princeps (Gomont, 1892) . However, this difference was not considered phylogenetically significant enough to prevent the use of sequence data for O. princeps NIVA CYA 150 as that of the type species of the genus Oscillatoria (Gomont, 1892) , because similar 16S rDNA sequences have previously been reported in different-coloured Merismopedia strains (Palinska et al., 1996) and Microcystis strains (Otsuka et al., 1998) . From the phylogenetic tree based on 16S rDNA sequences, it was found that O. princeps Gomont (1892) was located as a sister group of Scytonema hoffmanii PCC 7110 and was not related to groups I-VI. This suggested that the bloom-forming oscillatorioid species should not be listed under the genus name Oscillatoria and that their generic name should be changed, as proposed previously by Anagnostidis & Koma! rek (1988) , Meffert (1988) and Skulberg & Skulberg (1991) on the basis of purely phenotypic characteristics.
The similarity of the 1361-bp 16S rDNA sequences was 95n4-96n7 % between groups I and II, 95n9-96n8% between groups I and III and 96n4-96n8 % between Taxonomy of water-bloom-forming oscillatorioids Table 5 . Diagnostic characters of taxonomic groups of water-bloom-forming oscillatorioid cyanobacteria and their type strains 
Planktothrix agardhii NIES 204T
Planktothrix rubescens CCAP 1459\22T
Planktothrix pseudagardhii T1-8-4T
Planktothrix mougeotii TR1-5T
Planktothricoides raciborskii NIES 207T
Tychonema bourrellyi CCAP 1459\11BT
Limnothrix redekei
NIVA CYA 277\1T
Number of strains examined Table 4 for definition of abbreviations.
groups II and III. These values are at the congeneric level according to Devereux et al. (1990) . In addition, the fatty acid compositions and GjC contents of groups I-III were similar and they did not undergo complementary chromatic adaptation. Anagnostidis & Koma! rek (1988) have renamed gas-vacuolated Oscillatoria as genus Planktothrix, with the type species Planktothrix agardhii. Our results support the appropriateness of classifying the water-bloomforming, gas-vacuolated Oscillatoria species in other genera. Group I was further divided into two subgroups, groups I-pc and I-pe, by phycobilin pigment composition. These groups demonstrated little difference in growth temperature and salinity tolerance. However, DNA-DNA hybridization revealed that groups I-pc and I-pe were independent species. Combining these data and the traditional taxonomic conclusions outlined above, it is appropriate that strains of group I-pc should be treated as Planktothrix agardhii and those of group I-pe as Planktothrix rubescens ( (Gomont, 1892) ; and (iii) O. formosa Bory was described as having no gas vacuoles and as a benthic species, which is not appropriate for a member of the genus Planktothrix.
We also propose to give the name Planktothrix mougeotii to group III in this study, since the group III strains were identified as O. mougeotii Ku$ tzing ex Lemmermann, which is regarded as a valid name (as detailed above) and has been shown to be appropriate as a species in the genus Planktothrix.
The strains of group IV, which were morphologically similar to O. raciborskii, formed an independent phylogenetic cluster separated from the cluster of groups I-III, which were assigned to Planktothrix. This group showed less than 89n7 % similarity of 16S rDNA sequence to the other groups and the O. princeps and L. hieronymusii var. hieronymusii strains. According to Devereux et al. (1990) , less than 94n6% similarity corresponds to the level of different genera. In addition, group IV was distinguished by fatty acid composition and GjC content from the Planktothrix groups, and we propose the name Planktothricoides raciborskii gen. nov., comb. nov. for group IV (O. raciborskii).
Group V, strain CCAP 1459\11B T , identified as O. bourrellyi, has been renamed Tychonema bourrellyi by Anagnostidis & Koma! rek (1988) and Skulberg & Skulberg (1991 (Table 5 ), but were distinguishable by phycobilin pigment composition, growth at different temperatures and salinities (Table  5) and DNA-DNA hybridization. These observations suggest that their differentiation may be a relatively recent event. Use of 16S rDNA sequence analysis is a powerful tool for taxonomy ; however, characterization based on the sequence alone is not enough for classification of species of some organisms, especially for closely related species.
Planktothrix agardhii and Planktothrix pseudagardhii were well defined by 16S rDNA sequence analysis. They shared the same characters of fatty acid composition, phycobilin pigment, GjC content and morphology (Table 5 ). This suggests that their speciation may have occurred prior to that between Planktothrix agardhii and Planktothrix rubescens. Without doubt, a polyphasic approach will be needed to solve the confusion facing cyanobacteria taxonomy, as well as modern bacterial classification suggested by Vandamme et al. (1996) . Taxonomy of water-bloom-forming oscillatorioids A micrograph is shown in Fig. 6(c Basonym : Oscillatoria mougeotii Ku$ tzing ex Lemmermann 1907 Lemmermann , 1910 A micrograph is shown in Fig. 6(e) . Trichomes are dark blue-green to olive-green. Trichomes are initially attached to the bottom or side wall of culture tubes and then float in the upper to middle layer of the culture medium. Entangled trichomes sometimes cover the entire surface of the medium. Usually, the trichomes are straight, occasionally twisted and not attenuated towards the ends. Cross-walls are slightly constricted. Gas vacuoles are small and cluster in the equatorial part of the cells and they rarely rupture on placing a microscope cover slip on a drop of culture. Apical cells are broadly rounded and have no calyptra. Cell width is 5n9-7n8 µm, cell length is 1n5-3n6 µm and the ratio of cell length to cell width is about 1 : 3-2 : 3. A small amount of PE is present, with a low PE : PC ratio. A micrograph is shown in Fig. 6(f ) . In addition to the properties listed in the genus description, the following properties are observed. Trichomes are pale blue-green or yellow-green. Apical cells are rounded, more or less tapered, bent but not pointed, bluntly conical and have no calyptra. Cell width is 5n4-2n2 µm, cell length is 1n7-6n7 µm and the ratio of cell length to cell width is 2 : 7-1 : 1. On occasion, thick sections are found in a single trichome in both lab cultures and field samples.
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Growth temperature range is 20-30 mC ; some strains grow at 40 mC. Salinity up to 0n78 % is tolerated for growth. The type strain is strain NIES 207 T (l CCAP 1465\1 T ) (Table 5) . A micrograph is shown in Fig. 6(g (Geitler, 1932) . Cells are 4n9-6n3 µm wide and 3n2-8n0 µm long and the ratio of cell length to cell width is approximately 3 : 5-3 : 2. PE is present. Capable of complementary chromatic adaptation, which causes a change to reddish-brown cell colour under green light ; cell colour does not change significantly under red light. Fatty acid composition is type 2A. DNA GjC content is about 44 mol %. Growth temperature range is 10-20 mC. Salinity up to 0n43 % is tolerated for growth. The type strain is strain CCAP 1459\11B T (l NIES 846 T ) (Table 5 ).
Emended description of Limnothrix redekei (Van Goor) Meffert 1988
Basonym : Oscillatoria redekei Van Goor 1918.
A micrograph is shown in Fig. 6 (h). The trichome mass is brownish-green to reddish-brown under normal daylight, but the colour of individual trichomes is not recognizable because of their slenderness. Trichomes are solitary or sometimes become entangled and sink to the bottom of the culture tubes, but never attach there. They are straight and not attenuated toward their ends. Cross-walls are not constricted and not granulated. Apical cells are rounded, not capitate and they have no calyptra. Two large gas vacuoles are distributed at the poles of the cells and occasionally in the centre of the cells. Vacuoles are rarely punctured on placing a microscope cover slip on a drop of culture. Cells are 1n8-2n7 µm wide and 5n4-14n3 µm long and the ratio of cell length to cell width is approximately 3 : 1-7 : 1. PE is present, with a high PE : PC ratio under normal daylight conditions. Capable of complementary chromatic adaptation, which causes a change to pale blue-green cell colour with a large amount of PC under red light and to reddish-brown cell-mass colour with a large amount of PE under green light. Fatty acid composition is type 2Ch. DNA GjC content is about 41 mol %. Growth temperature range is 10-20 mC. Salinity up to 0n26 % is tolerated for growth. The type strain is strain NIVA CYA 277\1 T (l NIES 847 T ) (Table 5 ).
